Fifty percent of the relative motion between the Indian and Asian plates is accommodated by active convergence at the Himalayan Range Front (HRF). Earthquake cycle processes on shallowly dipping HRF thrust faults generate large earthquakes (M W ≥ 7) and contribute to the growth of HRF topography. Interseismic rock uplift rates reach a maximum north of the active Main Frontal Thrust and have been suggested to signifi cantly infl uence the collocated convex bulge in HRF topography. Using geodetically constrained models of interseismic rock uplift rates and simple channel erosion rate laws, we show that convex channel profi les are predicted when interseismic deformation outpaces coseismic deformation. Applying this model to the observed elevation profi les of 20 HRF-spanning channels in Nepal yields a minimum mean residual elevation (72 m) if interseismic deformation has outpaced coseismic deformation by a factor of four. The long-term earthquake defi cit required for the application of this model is consistent with some estimates of historical moment imbalance but requires temporally variable fault system activity. The spatial correlation between nominally interseismic rock uplift and the HRF topographic bulge may be explained by (1) a noncausal geometric coincidence, (2) geodetic observations of signifi cant deformation not directly related to earthquake cycle processes, or (3) an unbalanced earthquake cycle at the HRF.
INTRODUCTION
The recurrence of large earthquakes along the Himalayan Range Front (HRF) depends on the rate at which elastic strain energy is accumulated (Bilham et al., 1997; Jouanne et al., 2004) , transferred, and released (Lavé et al., 2005) . Along the Nepal segment of the HRF (Fig. 1A) , geodetic measurements of present-day horizontal and vertical interseismic velocities (Fig. 1B) show a pattern of deformation consistent with elastic dislocation models of interseismic strain accumulation north of a shallowly dipping thrust fault with a slip rate of ~20 mm/ yr (Avouac, 2003; Bilham et al., 1997; Jouanne et al., 2004) (Fig. 1B) . The extent to which interseismic strain accumulation has been balanced by coseismic strain release is fundamental to understanding the nature of the earthquake cycle and seismic hazard. Combined analysis of geodetic slip rate constraints and historical records of earthquake occurrence suggest that over the past 500 yr, coseismic moment release rates have lagged behind geodetically constrained moment accumulation rates by 75%, such that only 25% of the HRF convergence rate has been released through earthquakes (Bilham and Ambraseys, 2005; Bilham et al., 2001 ). Paleoseismic observations have provided evidence for a great earthquake along the HRF ~900 yr ago, which could have been large enough to balance the millennial moment budget if empirical area-slip scaling laws are not applicable for such large earthquakes (Lavé et al., 2005) . To understand whether coseismic and interseismic deformation are balanced over longer time intervals requires a geological record of longer duration than the instrumental or historical periods. Present-day topography is the product of both rock uplift and erosional downcutting and serves as a recorder of the rock uplift signals from both coseismic and interseismic deformation.
The characteristic form of present-day HRF topography is highlighted in steepest-descent elevation profi les of channels draining southward off of the HRF (Marsyandi, Bhote Kosi, Trisuli) derived from Shuttle Radar Topography Mission (SRTM) data (Farr and Kobrick, 2001) . These show that while channel elevations decrease monotonically away from the drainage divide, channel slope and curvature do not (Fig. 1C) . This localized channel steepening, or topographic bulge, has been recognized not only in channel profi les (Seeber and Gornitz, 1983 ) but also as a macroscale physiographic transition with a southern boundary termed PT 2 (Hodges et al., 2001) The signature of an unbalanced earthquake cycle in Himalayan topography? of spatially variable rock uplift including midcrustal duplexing (Avouac, 2003) , extrusion of lower crustal material (Hodges et al., 2001) , and postMiocene activity on the Main Central Thrust (MCT, near PT 2 ) (Seeber and Gornitz, 1983; Wobus et al., 2005) . Current estimates of the deformation rates associated with out-of-sequence thrusting represent only 0%-10% of the total HRF shortening budget (Wobus et al., 2005) , and thermoluminescence dating of fault gouge in the Darjiling sub-Himalaya suggests that out-of-sequence thrusting initiated 20 ± 6 ka (Mukul et al., 2007) . Instead, the majority of Pliocene-Holocene surface faulting (21.5 ± 1.5 mm/yr) appears localized 100 km to the south of PT 2 along the Main Frontal Thrust (MFT) (Avouac, 2003; Robert et al., 2009 ). More resistant crystalline rock units north of PT 2 are also correlated with changes in local channel steepness, but this relationship has been suggested to be, in part, coincidental rather than causative due to the lack of a similar correlation between rock type and topography at the Main Central Thrust (Seeber and Gornitz, 1983) . Bilham et al. (1997) combined Global Positioning System (GPS) and spirit leveling observations of interseismic surface deformation in Nepal to estimate an MFT slip rate of 20.5 ± 2.0 mm/yr and locking depth of 20 ± 4 km. In addition, Bilham et al. (1997) offered the novel suggestion that "If a fraction of this uplift were nonrecoverable inelastic deformation, permanent uplift of the region would mimic the form of the interseismic deformation fi eld." Here we explore this hypothesis by analyzing HRF channel elevation profi les using quasi-static models of topographic response to both interseismic rock uplift and surface erosion. Interseismic deformation along the HRF is constrained by geodetic observations that show a maximum rock uplift rate north of PT 2 at ~7 mm/yr, approximately three times greater than the far-fi eld rock uplift rate (Bilham et al., 1997) (Figs. 1B and 2C ). This effect results from elastic strain accumulation associated with the active MFT, which dips ~4° to the north, and is locked from the surface to the brittle-ductile transition zone, at a depth of 17 km, during the interseismic part of the seismic cycle (Bilham et al., 1997) . The surface projection of this rheological transition zone is north of PT 2 and approximately coincident with the topographic bulge (Bilham et al., 1997) . Through an idealized, two-stage, earthquake cycle model (Savage, 1983) , interseismic rock uplift, U I , is complemented by coseismic deformation to produce block-like rock uplift of the hanging wall, U B (Fig. 2C) . However, if coseismic moment release does not balance interseismic moment accumulation, then the total amount of rock uplift, U, will deviate from idealized block uplift, U = φU I + (1 -φ)U B . There are two endmember cases: (1) balanced interseismic and coseismic deformation, φ = 0, and (2) the absence of coseismic activity, φ = 1.
MODELS OF EARTHQUAKE CYCLE INFLUENCE ON TOPOGRAPHY
Topography generated by earthquake cycle processes is modifi ed by erosional processes that remove a fraction of the uplifted rock mass. A simple empirically motivated model suggests that erosion rates, E, are controlled by the product of lithologic strength, K, fl uvial discharge, Q, and local slope, S, as E = KQ m S n , where m and n are the discharge and slope exponents, respectively (Whipple and Tucker, 1999) . This macroscale parameterization of erosional processes is limited in the sense that it does not directly incorporate the mechanics of sediment transport and bed abrasion (Sklar and Dietrich, 2008) but is rather founded on the assumption that erosion rates are proportional to shear stress, m/n ≈ 0.5.
Assuming mass fl ux steady state, where erosion rates balance the vertical, U, and horizontal, V, advection of rock normal to the channel slope, α, and that the average channel slope is the same as the mean topographic slope so that U >> Vtanα and E ≈ U, longitudinal elevation profi les may be calculated from the slope distribution if U is known (Whipple and Tucker, 1999) . For the simple case with homogeneous lithologic strength, spatially uniform precipitation, and uniform rock uplift rate, φ = 0, predicted channel profi les exhibit a characteristic concave-up shape (Whipple and Tucker, 1999) but do not match the characteristic forms of the large channels along the HRF (Fig. 1C) because this model does not predict a topographic bulge (Fig. 2B) . In contrast, the purely interseismic rock uplift rate case, φ = 1, predicts the characteristic features of HRF channels. Model elevation profi les share changes in concavity similar to the Trisuli and Marsyandi Rivers where the excess elevation bulge occurs at 2.5-3.5 km elevation and upstream of the location of maximum interseismic rock uplift (Figs. 1C, 2B, 2C, and 3) . In general, the entirely unrecovered case, φ = 1, overpredicts the amplitude of the topographic bulge. To determine the fraction of interseismic deformation that has not been balanced by coseismic deformation, we solve for the optimal value of φ for 20 channels with accumulated drainage areas >100 km 2 and spaced at ~15 km intervals between 84° and 87° longitude ( ). In addition, we use a grid search approach to simultaneously solve for the values of K, m, and n that minimize the minimum norm between observed and modeled channel elevations. We fi nd average values of log 10 K = -1.7 ± 1.7, n = 1.4 ± 0.2, and m = 0.5 ± 0.2, giving a concavity index of m/n = 0.4, which is within 30% of the theoretical value for a shear stress-dependent incision law m/n = 0.5 (Whipple and Tucker, 1999) . The covariance between m and K is negative with values along the linear trend from K = 1, m = 0.3, to log 10 K = -4, m = 0.8 (in log 10 K versus m space), predicting channel profi les with the characteristic change in concavity.
Across all channels a minimum mean residual elevation magnitude of 72 m is found at φ = 0.8, while the residual magnitude increases away from this minimum to 128 m and 371 m for φ = 1 and φ = 0, respectively (Fig. 4) . For models with a mean residual magnitude <100 m, φ varies by less than 10% as a function of erosion law parameters. The model that best predicts the location and magnitude of the HRF topographic bulge is that where only 20% of the accumulated interseismic moment has been released by earthquakes along the MFT.
DISCUSSION
The agreement between model and observations suggests that the erosional response to excess interseismic deformation may have contributed to shaping the topographic bulge at the HRF as suggested by Bilham et al. (1997) , consistent with a long-term unbalanced earthquake cycle. Alternative effects may render the possible relationship between topography and interseismic deformation coincidental rather than causal. For example, both the spatial variability in precipitation rates and rock strength may affect channel gradients at the HRF. Precipitation rates perpendicular to HRF strike vary by as much as a factor of fi ve during the annual monsoon (Bookhagen and Burbank, 2006) and have been suggested as a potential mechanism for shaping the topographic bulge and steepening at PT 2 (Montgomery and Stolar, 2006) . Such precipitation gradients may infl uence the amplitude of HRF channel slopes (Craddock et al., 2007) , but discharge must increase downstream (in the absence of substantial evaporation) and therefore does not produce nonmonotonic trends in channel slope and curvature such as those observed at the convex bulges of HRF channels. Spatial variations in lithologic strength, parameterized as K, have been shown to produce channel profi les with characteristic convex bulges (Stock and Montgomery, 1999) . Seeber and Gornitz's (1983) along-strike survey of HRF river profi les noted no strong correlation between rock type and changes in the presence or absence of channel concavity. However, if rock strength is signifi cantly infl uenced by fracturing associated with earthquake cycle processes or topographic stresses (Molnar, 2004) , then rock type alone may be insuffi cient to quantify the erodibility of HRF material.
In addition to interseismic earthquake cycle activity, spatially variable rock uplift rates may result from out-of-sequence thrusting (Hodges et al., 2001) , lower crustal fl ow (Grujic et al., 1996; Beaumont et al., 2001) , or a midcrustal ramp (Avouac, 2003; Robert et al., 2009) . The mass fl uxconservative Robert et al. (2009) model predicts up to 2.2 mm/yr of vertical uplift above a midcrustal ramp, approaching 30% of the geodetically measured vertical rock uplift rate. Because each of these processes predict rock uplift near PT 2 , it may be diffi cult to distinguish between models of interseismic rock uplift rate. If any of these mechanisms actively contribute to HRF growth at rates as little as 20% of the Holocene MFT shortening rate, their activity may be geodetically observable and serve as primary observables of permanent mountain-building processes. However, this would also imply that decadal geodetic velocities are not exclusively produced by interseismic strain accumulation associated with the locked MFT. This assumption is central to the interpretation that geodetic slip rate estimates (Bilham et al., 1997; Jouanne et al., 2004) appear consistent with those averaged over the Holocene (Lavé and Avouac, 2000) .
The unrecovered interseismic deformation model links HRF topography to MFT earthquake cycle processes, consistent with Bilham et al.'s (1997) suggestion that interseismic deformation may contribute to the shape of the HRF. The required earthquake cycle imbalance is also consistent with short-term moment balance estimates derived from historical and paleoseismic constraints. Over the past 500 yr, coseismic moment release rates appear to lag behind geodetically constrained accumulation rates by 75%, such that only 25% of the HRF convergence rate has been released through earthquakes (Bilham and Ambraseys, 2005; Bilham et al., 2001) . Though the duration of the historical earthquake catalog is ~1/1000 of characteristic topographic response timescales (Whipple and Tucker, 1999) , the historical moment defi cit appears comparable in magnitude to the topographically constrained estimate, ~20%. However, if sparse measurements of medieval fault rupture are interpreted as evidence for a single great earthquake, larger than any in the historical record, then the HRF moment release rate may be balanced over an ~700 yr interval (Lavé et al., 2005) . The unrecovered interseismic deformation model also predicts that the geologic record should reveal evidence for a defi cit of coseismic activity, manifest as low paleoseismic slip rate estimates, in contrast to the similarity of Holocene MFT rates (Lavé and Avouac, 2000) and those derived from models of geodetic data (Bilham et al., 1997; Jouanne et al., 2004) . Quaternary slip rates would provide additional observations to assess the temporal stability of MFT moment release rates and constrain the extent to which an unbalanced earthquake cycle process may have contributed to the macroscopic form of HRF topography.
